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1.  Research  Objectives 


Our  research  objectives,  as  stated  in  the  work  statement  of  our  proposal,  were: 

1.  Demonstrate  white  light  grating  interferometry  method  of  phase-amplitude 
recording  using  phase  and  phase  amplitude  objects  from  various  areas,  including 
engineering  and  biological. 

2.  Extend  the  white  light  and  incoherent  optical  processing  concepts  into  such  areas 
as  robotic  vision  and  phase  conjugation,  as  well  as  into  other  areas  of  image  pro¬ 
cessing. 

3.  Investigate  the  SNR  for  incoherent  optical  processing  systems  in  the  presence  of 
artifact  noise,  detectcr  ncise,  and  bias  build  up,  and  determine  the  significant 
parameters,  such  as  space-band  width  product  of  the  system  impulse  response 

4.  Compare  the  SNR  for  the  coherent  case,  polychromatic  achromatic  coherent  case, 
and  the  extended  source  incoherent  case,  and  characterize  the  situation  when  the 
coherent  (monochromatic  or  polychromatic)  is  advantageous  and  when  the 
incoherent  is  advantageous. 

5.  Examine  the  trade  off  between  resolution  and  SNR. 

8.  Conduct  experimental  comparisons  between  coherent  and  incoherent  processing 
to  verify  the  analytic  conclusions. 

2.  Accomplishments 

We  gave  attention  to  all  of  the  above  areas,  except  #5,  with  stress  on  item  2.  3,  4 
and  6.  In  the  context  of  carrying  out  these  investigations,  we  developed  ideas  that 
were  not  in  the  original  proposal. 

Our  principal  accomplishments  for  the  year  have  been: 
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1.  We  adapted  our  method  for  doing  reduced-coherence  phase  conjugation  to  real 
time  processes,  and  we  conducted  experiments  to  verify  the  ideas. 

2.  We  carried  out  an  extensive  analysis,  development  and  experimental  program  on 
the  method  for  recording  in  spatially  incoherent  light  the  Fourier  transform  of  an 
object.  This  method,  conceived  in  the  closing  days  of  the  previous  year,  works  as 
if  the  light  were  coherent,  even  though  the  light  is  in  fact  coherent.  For  example, 
it  works  on  the  light  amplitude  and  it  preserves  phase. 

3.  We  discovered,  about  a  year  ago,  a  method  for  making  holographic  optical  ele¬ 
ments  in  spatially  incoherent  light.  Much  of  our  effort  for  this  past  year  has  been 
in  developing  and  extending  this  idea.  In  the  process,  we  investigated  the  SNR 
achievement  in  making  HOES  with  incoherent  light  as  opposed  to  coherent  light. 
In  short,  we  carried  out  much  of  the  work  suggested  in  items  3,  4  and  6  of  our 
work  statement  within  the  context  of  HOE  construction. 

4.  The  white  light  spatially  incoherent  grating  interferometry  method  for  recording 
phase  amplitude  image  was  applied  to  image  plane  holography  with  successful 
results. 

3.  Real  Time  Aberration  Compensation  (Phase  Conjugation) 
with  Partially  Coherent  light 

The  phase  conjugation  imaging  technique  has  the  capability  for  producing 
diffraction-limited  resolution  even  in  severely  aberrated  imaging  systems.  In  this  tech¬ 
nique.  various  beams  are  mixed  in  a  non-linear  medium.  An  object-bearing  beam,  pass¬ 
ing  through  the  medium,  generates  a  conjugate  beam  u*,  which  retraces  the  path  of 
the  original  beam  u,  and  the  aberrations  in  u*  are  then  compensated  by  the  aberra¬ 
tions  of  the  imaging  system.  This  process,  carried  out  in  real  time  is  similar  to  a  pro¬ 
cess  developed  in  static  holography  in  1965. 13 
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The  process  in  a  basic  way  requires  coherent  light,  which  is  poor  for  imaging. 
First,  coherent  light,  when  interacting  with  a  diffuse  material,  either  by  reflection  from 
it  or  transmission  through  it,  acquires  a  speckly  appearance.  Second,  any  scattering 
or  perturbing  structure  along  the  optical  path  results  in  noise  that  overlays  the  image 

There  appears  to  be  basically  two  alternatives  in  imaging  through  an  aberrating 
system.  First,  we  can  carry  out  the  imaging  process  in  a  conventional  way,  using 
incoherent  light,  thereby  achieving  a  good  signal  to  noise  ratio,  but  degraded  resolu¬ 
tion.  Second,  we  can  carry  out  the  process  in  a  phase  conjugation  process  with 
coherent  light,  thereby  achieving  improved  resolution  but  a  poorer  signal  to  noise 
ratio. 

One  solution  to  this  problem  was  given  by  Huignard  et.4  In  this  method,  one  in 
effect  makes  a  sequence  of  hundreds  of  exposures,  each  with  a  different  noise  function 
The  recording  medium  adds  these,  giving  a  resultant  where  the  noise  is  reduced  by  the 
averaging  process. 

Our  method  achieves  a  comparable  result  using  an  essentially  different  principle 
Instead  of  making  a  large  number  of  coherent  operations  in  sequence,  we  perform  a 
single  operation  with  light  of  reduced  spatial  coherence,  and  possibly  also  of  reduced 
temporal  coherence.  This  method  is  an  adaptation  of  a  method  described  in  last  year's 
report  for  static  holographic  imaging  through  a  phase-distorting  medium  Here,  we 
modify  the  earlier  result  by  adapting  it  to  real  time  operation,  principally  by  the  use  of 
a  Mach  Zehnder  interferometer  in  place  of  the  grating  interferometer  previously  used. 
The  light  loss  is  thereby  reduced  by  an  order  of  magnitude. 

The  method,  in  the  embodiment  we  have  used  for  its  demonstration,  is  shown  in 
Fig.  1.  Light  from  a  laser  source  is  passed  through  an  interferometer  that  splits  the 
incident  light  into  two  beams,  then  recombines  them  The  first  element  is  a  beam 
splitter,  and  the  remaining  elements  are  mirrors  that  redirect  the  beams  so  that  they 
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are  brought  together  again  at  the  plane  of  the  phase  conjugating  medium.  One  of  the 
two  beams  is  the  object  beam,  which  contains  an  object  and  an  aberrated  imaging  sys¬ 
tem,  as  well  as  some  noise,  resulting  from  such  various  defects  as  dust,  digs  and 
scratches  on  the  lenses,  etc.  Lenses  La  and  Lt,  arranged  in  the  telescopic  configura¬ 
tion,  image  the  object  0  onto  the  phase  conjugating  medium  P  Mirror  Af4  reflects  the 
reference  beam  back  on  itself  and  as  it  passes  again  through  the  conjugating  medium, 
a  conjugate  beam  u*  is  generated.  The  conjugate  beam  travels  through  the  imaging 
system  in  reverse  and  forms  an  image. 

The  object  beam  carries  the  image,  the  aberrations  and  the  noise,  ideally,  the 
image  information  should  be  perfectly  passed,  so  that  a  high  resolution  image  can  be 
formed  The  phase  error,  too,  should  be  preserved,  so  that  it  can  be  cancelled  in  the 
conjugation  process,  thus  permitting  the  high  resolution  that  we  seek.  The  noise,  how¬ 
ever,  should  be  reduced,  i.e.,  smoothed  out,  so  that  it  no  longer  degrades  the  image. 
We  can,  for  example,  reduce  the  noise  by  reducing  the  spatial  coherence  of  the  light; 
indeed,  complete  spatial  incoherence  would  essentially  eliminate  the  noise  entirely 
However,  the  reduction  in  coherence  would  also  partially  destroy  the  image  and  phase 
error  information  that  is  to  be  transferred  onto  the  conjugate  beam. 

However,  by  forming  an  image  on  the  conjugation  plane,  the  coherence  require¬ 
ments  for  preserving  the  image  information  become  nil— perfectly  incoherent  light 
would  do.  The  aberrations,  on  the  other  hand,  originate  at  a  plane  other  than  the 
object  plane;  indeed,  the  aberration  sources  are  distributed,  arising  from  entire 
regions  rather  than  from  single  plane,  Thus,  the  aberration  sources  are  not  imaged  at 
the  conjugation  plane. 

The  aberrations  are  slowly  varying;  therefore,  they  require  only  a  low  degree  of 
coherence  for  their  preservation.  The  noise,  however,  is  generally  of  higher  spatial  fre¬ 
quency  Therefore,  we  expect  that  the  spatial  coherence  can  be  reduced  to  a  degree 
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sur-h  that  the  noise  is  significantly  reducpd.  hut  that  the  abe. ration  is  ess.  r.ii.  :!> 
.in  -c'  vcd  Indeed,  if  the  -tbcrrv*' ions  <  r  varying  si.fficier.il>  >*Ju»  ly,  r.-on>id-;i-aI.!. 
redurMon  m  coherence  is  permissible,  with  good  aberration  preservation  along  with  in 
enormous  noise  reduction. 

We  can  reduce  the  coherence  of  the  source  in  one  of  the  many  ways;  ihe  simplest 
is  to  place  a  rotating  ground  glass  in  the  beam  near  the  source  point  The  degree  of 
coherence  reduction  depends  on  how  far  the  ground  glass  is  from  the  source.  Another 
point  that  is  important  in  the  present  context,  is  that  this  method  supposes  the  field  to 
change  rapidly  compared  to  the  time  constant  of  the  conjugation  process.  Otherw®.-  . 
Ihe  process  will  be  a  sequence  of  coherent  recordings,  instead  of  a  single  recording 
with  partially  coherent  light 

The  reduced  coherence  will  tend  to  destroy  the  interference  fringes  produces  at 
the  conjugation  plane  by  the  superposition  of  the  object  and  reference  Seams  Mc"- 
cver,  the  interferometer  of  Pig  i,  which  is  basically  a  modified  Mach  Zchnder.  is  capa¬ 
ble  of  b'-oad  source  operation.  The  production  of  fringes  under  broad  source  illumina¬ 
tion  is  an  important,  aspect  of  classical  interferometry,  and  is  discussed  in  texts  on 
interferometry.6  If  the  beams  are  adjusted  so  thai  the  corresponding  r«ys  in  the  L.-.o 
beams,  i.e  .  rays  that  come  from  a  single  ray  impinging  on  the  beam  splitter,  are 
brought  back  together,  then  the  two  beams  wi,l  interfere  in  tnis  plane  men  men  .he 
source  has  reduced  coherence.  It  has  been  shown  that,  for  the  Mach  Zchnder  inter¬ 
ferometer,  the  number  of  fringes  obtained  from  a  monochromatic  extended  source  is 
approximately’ 


N  =  - 


1 


(2At?)2 

vt’iicre  ArJ  is  the  angle  subtended  by  the  source  at  the  collimating  lens  L.  This  relation 


allows  a  large  number  of  fringes,  perhaps,  seteral  thousand,  even  for  a  source  that  is 
many  times  larger  than  what  the  sy  stem  would  see  as  a  point  source. 
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To  perform  tht  experiment,  we  first  construct  a  controlled  aberration  by  coaling  a 
portion  oi  a  glass  slide:  with  opt  ical  coru-nl  to  a  thickness  of  about  ‘  00-23.'/  ma  •  -  - 
The  coating,  rather  irregular  in  thickness,  provided  an  aberration  that  varied  frrrn 
region  to  region  The  object  oeunv  a  fe.v  mm  in  diameter  intercepted,  only  a  t.oiti  n 
of  the  aberration  plate,  and  by  moving  the  plate,  a  suitable  aberration  could  be 
injected  into  the  beam. 

The  system  was  first  tested  using  conventional,  static  holography,  that  is.  using 
photographic  plate  instead  cf  a  phase  conjugation  material.  The  object  was  a  grid  of  4 
fine  slits  of  width  1  mm  The  hologram  was  developed  and  replaced  in  its  original  posi¬ 
tion,  the  object  beam  was  blocked,  and  the  reference  beam  was  reflected  b\  a  mirror 
A/4  back  through  the  system,  providing  the  required  conjugate  wave.  Photographs  of 
the  reconstruction  (Fig.  2  )  show  the  process  works  as  expected  The  aberrated  image 
is  shown  in  Pa,  just  as  it  appears  at  the  plane  of  hologram  formation.  Figures  2b  and  2c 
show  the  reconstruction  with  light  of  reduced  coherence  in  both  the  making  and 
readout  steps.  Figure  2b  differs  from  2c  in  that  the  hologram  was  used  m  a  liquid 
gate,  that  is,  a  glass  plate  was  fluid-coupled  to  the  emulsion  side  of  the  hologram  in  the 
reconstruct  ion  process  This  greatly  reduced  the  noise  from  surface  cl  “fecis  the 
emulsion.  Finally,  Fig.  2d  shows  the  result  when  the  process  was  carried  out  with 
coherent  light.  The  phase  error  compensator,  is  very  good,  but  the  noise  level  is  high. 

By  rotating  the  mirror.  A/4  the  reference  beam  could  be  aimed  in  various  direc¬ 
tions.  so  that  the  conjugate  beam  path  could  be  shifted,  thus  making  the  phase  error 
compensation  imperfect.  When  this  was  done,  the  principal  effect  was  to  produce  cur¬ 
vature  iii  the  slit  images,  sometimes  with  some  slight  broaden. ng  (Fig  2)  The  mirror 
was  adjusted  until  the  slit  images  became  straight,  whereupon  the  system  was  assumed 
to  be  properly  adjusted 


Fig.  3^.  Experimental  results,  using  conventional 
((i.d.,  s'.tatic)  holography.  (a)  conventional 
(not  holographic)  imaging  with  partially 
coherent  light  through  the  aberration,  (b) 

.  imaging  using  holography  and  reduced  coherence 

Also,  a  flat  glass  plate  was  coupled  to  the 
emulsion  surface  using  an  index  matching 
fluid,  (c)  same  as  b,  but  without  the  glass  plate, 
(d)  imaging  using  holography  and  complete 
spatial  coherence. 


□  □ 
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For  the  real  time,  or  phase  conjugation  process,  a  thin  film  of  remain  liquid  >  t  >- 
s' al  v*. as  used  «As  the  phase  oonjug  ition  medium, ri  in  conjunction  witn  ar.  argon.  ,.is-r 
(b!4fc  A  line)  v.ith  an  optimum  power  of  3.0  watts.  The  laser  was  divided  equally  into  tne 
reference  ana  object  beams  The  total  laser  power  (object,  reference  and  reconstruc¬ 
tion  beams  all  together)  incident  on  the  nematic  film,  after  passage  througn  the  opti¬ 
cal  system,  was  about  0.2  watts,  a  second  beam  splitter  BS1  was  placed  between  the 
object  and  the  mirror  Af3  so  as  to  separate  the  phase  conjugated  image  from  the 
object.  The  liquid  crystal  MBBA  (p-methoxbenzylidene-p-n-buty!anilme)  was  homeo- 
tropically  aligned,  with  th"  director  axis  parallel  to  the  plane  defined  by  the  1  *•■. 
incident  beam  propagation  vectors  (reference  and  object)  and  the  optic. d  polarization 
of  the  beams  was  normal  to  the  director  axis.  For  this  configuration,  the  nonlinearity 
arises  from  the  thermal  indexing  effect9  (i.e.,  d  n  /d T,  where  n  is  the  refracd  ivc  index 
for  the  ordinary  ray,  and  T  the  temperature.  The  diffraction  efficiency  for  the  YBBA 
film  was  about  0.1  percent  at  room  temperature,  but  it  can  be  increased  by  raising  the 
temperature  to  close  to  the  nematic  -»  isotropic  transition.  Typically  a  diffraction  for 
wavefront  conjugation)  efficiency  of  about  3  percent  is  obtainable. 

We  show  experimental  results  using  two  different  objects.  Figure-  ->  ow-  ie-.uk' 
using  as  an  object  just  the  laser  beam,  a  circular  distribution  of  light  about  1  mr.i  in 
diameter.  The  aberrated  beam,  the  phase  conjugation  beam  using  light  of  rtd  iced 
spatial  coherence,  and  the  phase  conjugation  beam  using  coherent  light  are  shown  in 
Figs.  3  a.b,  ana  c,  respectively.  The  noise  reduction  in  the  incoherent  case  is  quite  evi¬ 
dent. 

Figure  4  shows  similar  results  except  that  the  object  was  a  slit.  Again,  the  phase 
conjugation  image  using  light  of  reduced  spatial  coherence  has  resolution  just  about  as 
good  as  for  the  coherent  case,  and  the  signal  to  noise  ratio  is  much  superior. 


Fig. 3.3.  Phase  conjugation  results,  using  a  circular 

aperture  for  the  object,  (a)  photographic  record 
of  the  object,  after  imaging  through  the 
aberrating  medium,  and  using  light  of  reduced 
coherence.  (b)  phase  conjugation  imaging  with  light 
of  reduced  spatial  coherence.  (c)  same  as  b,  but 
with  completely  coherent  light. 


Figj.4.  Image  of  a  slit  (a)  formed  with  incoherent 

light,  (b)  formed  using  phase  conjugation  with 
light  of  reduced  coherence,  (c  )  formed  using 
phase  conjugation  with  completely  coherent 
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4.  Fourier  Transforms  with  Spatially  Incoherent  Light 

Toward  the  close  of  last  year's  reporting  period  we  invented  a  new  method  for  per¬ 
forming  Fourier  transform  holography  with  monochromatic,  spatially  incoherent  light. 
This  idea  has  now  been  developed  and  explored.  A  complete  teatment  is  given  in  the 
doctoral  thesis  of  G.  Collins.  Here  we  describe  the  main  features.  The  system  is  the 
first  true  spatially  incoherent  counterpart  of  conventional  coherent  holography  in  that 
it  is  linear  in  the  complex  amplitude  of  the  object.  As  a  result,  all  the  capabilities 
which  characterize  conventional  coherent  holography  are  preserved  in  this  system. 
The  physical  realization  of  the  proposed  technique  is  also  quite  similar  in  many 
respects  to  a  conventional  coherent  holographic  system.  The  system  uses  the  unique 
properties  of  a  grating  interferometer  to  achieve  the  objective. 

In  the  past,  a  number  of  systems  were  described  for  doing  quasi-holography  with 
incoherent  light.  None  of  these  systems  were  true  holography;  none  of  them  employed 
a  separate  reference  beam,  and  were  thus  unlike  conventional  holography,  and  did  not 
preserve  the  phase  of  the  object  distribution.  The  system  we  have  developed  is  basi¬ 
cally  different;  it  does  employ  a  coherent  reference  beam,  and  there  are  a  number  of 
interesting  consequences  that  result. 

The  basic  system  consists  of  the  interferometer  shown  in  Figure  4.1.  The  incident 
illumination  is  from  a  spatially  extended  (incoherent)  source  and  is  quasi- 
monochromatic.  It  is  assumed  that  the  source  is  not  so  spatially  broadband  that  the 
beams  cannot  be  separated  within  the  interferometer.  This  is  a  practical  consideration 
only,  and  is  otherwise  unnecessary  for  the  proposed  technique.  The  ideal  system 
behavior  requires  that  the  incident  illumination  be  completely  (spatially)  incoherent  as 
would  be  the  case  if  the  source  were  infinitely  extended.  In  actual  practice,  the  beam 
separability  requirement  can  be  satisfied  as  the  idealized  behavior  is  approximated  to 
any  degree  of  accuracy,  by  constraining  the  spatial  bandwidth  of  the  object  amplitude 


Quasi  -  monochromatic , 
spatially  incoherent 
incident  illumination 


(•1*  The  interferometric  system  for  recording 

holograms  in  qua si-monochromatic,  spatially 
incoherent  illumination.  Gl,  G2,  and  G3  are 
gratings  of  spatial  frequency  fg.  tA  is  the 

complex  amplitude  transmittance  of  the  object 


tranvmi t  tance  to  be  suitably  narrowband  with  respect  to  the  spatial  carrier  frequency 
of  the  gral.ngs 

The  basic  interferometer.  composed  of  the  gratings  Gl,  G2,  and  G3,  is  tin  g*vi  i.ig 
equivalent  of  the  classical  Vlach-Zehnder  interferometer  The  grating  Gl  si  lits  the 
incident  light  into  two  beams:  an  object  beam,  derived  from  a  diffracted  order,  and  a 
reference  beam,  derived  from  the  undiffracted  or  zero  order  1’ht  object  beam  pi*'- 
pagates  to  the  grating  C2  where  it  is  redirected  to  be- ome  parallel  with  its  original 
direction.  It  intercepts  the  object  transparency,  which  assumes  the*  rr.’e  oh.  d  bj  a 
test  section  in  conventional  interferometry,  and  propagates  onward  The  rofes-eren 
beam  propagates  to  the  grating  G3  where  it  is  redirected,  by  diffraction,  to  .nleicept 
the  object  beam. 

The  basic  three-grating  interferometer  is  initially  set  up  sc  that,  w.th out  •  ic 
object  present,  high  contrast  fringes  are  obtained  that  are  localized  at  the  ,-  =  0  plane 
under  broad  source  conditions  It  is  essential  to  the  proposed  technique  that  the  inter¬ 
ferometer  be  capable  of  forming,  under  conditions  of  oroad  source  illumination,  pu- 
tially  invariant,  high  contrast,  strongly  localized  interference  fringes  of  arbitrary  spa¬ 
tial  frequency. 

With  the  object  transparency  inserted  into  the  system,  each  spatial  frequency  of 
the  amplitude  transmittance  acts  as  a  grating  to  diffract,  and  thus  redirect,  a  portion 
of  the  incident  light  Considered  separately,  each  of  Ihet-e  diffracted  beams  interferes 
with  the  reference  beam  to  form  a  unique  (constant  z)  plane  of  localized  fringes  The 
geometry  of  the  system  is  such  that  the  distance  z,  at  which  the  fringes  for  a  given  spa¬ 
tial  frequency  of  the  object  localize,  is  linearly  proportional  to  that  spatial  frequency. 
Thus,  for  an  arbitrary  object  transparency,  interference  fringes  will  generally  be 
formed  throughout  the  beam  overlap  region. 
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The  interference  fringe  distribution  is  recorded  photographically  on  .1  idled  piano 
ir-  the  beam  overlap  region.  Analyst-*  sh-  *»s  tl.al  Mu  irterfs*r'»nc e  fringe;,-  con'  -  n  a 
term  on  a  spatial  carrier,  which  is  proportional  to  the  Fourier  transform  of  the  dif¬ 
fracted  (c  Fiesnei)  field  of  the  object  at  the  recording  plane.  The  intensity  dislntvi- 
t:on  at  the  recording  plane  is  thus,  with  the  exception  of  the  Fourier  transform  .  -’la- 
tionship,  very  similar  to  that  which  would  be  found  in  the  equivalent,  but  coherent  holo¬ 
graphic  system 

The  system  is  capable  of  two  dimensional  imagery  within  the  plane  of  the  n'tu- 
ferometer;  i.e.,  it  does  not  image  in  the  dimension  transverse  to  the  plane  of  the  inl«r- 
ferometer.  Within  this  plane,  however,  the  imaging  process  is  entirely  analogous  to 
conventional  coherent  holography.  The  system  is  linear  in,  and  can  reconstruct,  an 
image  of,  the  complex  amplitude  associated  with  an  object  transparency,  Depth  cr  / 
dimension  information,  is  preserved  in  the  same  fashion  as  in  conventional  holography 
The  imaging  process  is  not  constrained  to  a  single  object  plane  or  distance  (a.  one 
might  expect  if  the  fundamental  process  were  a  spatial  domain  compensation  tech¬ 
nique  analogous  to  temporal  domain  compensation  techniques),  and  ir.  fact,  is  full., 
capable  of  imaging  two-dimensional  complex  amplitude  distributions  within  I  hi  p  ane 
of  the  interferometer.  In  short,  the  system  is  capable  of  essentially  arbitrary  wave¬ 
front  construction  within  this  plane 

Experimental  results  have  shown  that  this  system  works  as  theory  indicates,  and 
that  it  works  very  well  indeed.  Our  intention  is  to  apply  a  to  such  areas  «s  rrboi.it 
vision. 

5.  The  Construction  and  Evaluation  of  HOES  Made  in  light  of  Reduced  Coherence 

5.1  Introduction 
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Fringes  formed  in  light  of  reduced  coherence,  either  spatial  or  temporal,  are  less 
nO'.'V  t  nun  fnngrs  formed  with  coherent  tight.  However,  in  gene r.d.  fring-.-s  formed  ir. 
light  cf  reduced  coherence  are  usually  limited  in  .arious  ways,  the  fringes  may  he  of 
lo'.vc  r  contrast,  fewer  in  number,  may  exist  only  ever  a  small  region,  or  it  nm.  pr-vs 
difficult  or  impossible  to  modulate  .he  fringes,  that  is.  form  fringes  of  non-uniform 
spacing  such  as  a  none  plate  pattern.  Here  we  describe  two  complimentary  optic  -1 
terns  with  which  we  can  modulate  fringes  to  obtain  zone  plate  patterns  made  us  ng 
interferometry  with  a  spatially  broad,  monochromatic  source.  Such  interfci  ernei .  i- 
callv  recorded  zone  plate  patterns  are  often  called  holographic  optical  elme.,1' 
(HOES)  or  diffractive  optical  elements  and  have  been  finding  inci  easing  application. 
Diffraction  efficiency  and  noise  level  of  these  elements  are  also  discussed 

5.2  System 

Initial  experiments  of  this  type  were  discussed  by  Swanson,  who  described  a 
method  for  modifying  the  grating  interferometer  so  as  to  form  zone  plate  structures 
instead  of  grating  structures.1  In  this  method  lenses  are  placed  in  each  branch  of  the 
interferometer  so  as  to  image  a  common  plane  at  the  same  magnification  but  with  dif¬ 
ferent  curvature  being  given  to  the  interfering  wavefronts  The  interferometer  confi¬ 
guration  is  shown  in  Fig.  1.  For  example  lenses  L%  and  L3  may  be  in  the  telescopic  (or 
afocal)  configuration,  so  that  Px  is  imaged  to  Poxtt  in  such  a  way  that  a  plane  wave  at  P, 
becomes  a  plane  wave  at  Pnu  .  Lens  Lx  also  images  plane  Px  onto  Paui  but  in  such  a  way 
that  the  wave  impinging  on  Pout  is  a  diverging  spherical  wave  of  radius  F,  the  focal 
length  of  the  three  lenses  being  used  The  two  beams  interfere  under  broad  source 
monochromatic  illumination,  but  the  fringes,  being  the  result  of  interference  between 
a  plane  and  spherical  wave,  form,  after  recording,  a  diffraction  lens  of  focal  length  F 
Thus  tc  make  low  noise  diffractive  lenses,  we  have  at  Px  a  uniform  distribution  of  light 
No  structures  are  placed  at  Px,  since  such  structures  would  inevil-iHy  ir'iUir  noise 
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(dirt,  ^cratches,  etc  ),  thus  the  fringe  pattern  is  very  clean  when  the  light  source  is  of 
reduced  spatial  coherence. 

Important  to  the  incoherent  HOE  const,  action  method  is  the  -ange  of  HOF>  that 
can  be  achieved.  We  would  like  to  be  able  to  produce  any  focal  length.  This  is  rela¬ 
tively  easy.  More  important  is  to  achieve  any  range  of  conjugate  local  planes.  .Noting 
that  if  v.e  desire  the  object  and  image  distances  to  be  d,b  and  ,  respectively.  then 
for  best  results  the  HOE  should  be  made  with  two  interfering  beams  converging  to  or 
diverging  from,  points  at  these  same  distances.  To  achieve  any  poss’ble  set  of  dab  and 
dim  's  a  more  difucult  problem.  It  is  by  no  means  a  priori  evident  that  it  has  a  solui  ion 

For  convenience  of  analysis,  suppose  the  optical  systems  within  the  two  tranches 
of  the  interferometer  to  be  removed;  the  justification  is  that  the  inte  rferometer  itsei. 
need  not  be  part  of  the  analysis.  All  we  must  do  to  have  these  optical  systems  function 
in  the  interferometer  is  to  impose  a  few  constraints  on  them  so  that  their  presence 
would  not  disrupt  the  fringe  forming  capability  of  the  interferometer  These  two  opti¬ 
cal  systems  are  shown  in  Fig.  2.  The  top  system  images  plane  P-,  to  P,ut ,  the  fringe 
forming  plane,  and  the  lower  system  images  P,’  to  Prut  ■  and  Lsys  are  imaging  sys¬ 
tems  We  consider  here  the  various  forms  that  these  systems  can  take,  and  the  capa¬ 
bilities  and  limitations  of  these  forms. 

In  order  to  obtain  interference  with  a  spatially  incoherent  monochromatic  source, 
we  require  that  at  Pout  both  beams  have  undergone  the  same  amount  of  Fresnel  dif¬ 
fraction  and  that  the  magnifications  of  the  two  beams  be  equal.  Now,  the  Fresnel  dif¬ 
fraction  process  occurs  between  the  source  plane  and  planes  Px  or  P{.  Since  P(  and 
P\  are  each  imaged  to  Pout  <  the  Fresnel  diffraction  process  stops  at  Px  and  P{  Thus,  it 
is  necessary  that  planes  P,  and  P{  be  equally  distant  from  the  source.  Otherwise,  the 
interference  would  be  weak  or  absent.  Since  the  diffraction  paths  stop  at  Px  and  P{  we 
must  allow  for  the  optical  path  from  P,  to  Pout  and  P,'  to  P out  to  be  different.,  a  rondi- 
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tion  that  gives  a  useful  flexibility  in  the  realization  of  HOES  with  arbitrary  conjugate 
focal  plane  Intioeo  it  is  m  general  necessary  It  .mag'  over  different  Ji.oar  e> 
each  arm  of  the  interferometer,  that  is,  the  distance  from  Px  to  Paut  must  be  differ. nt 
than  that  from  P  {  to  Pout  •  Since  the  distances  source  to  Px  and  source  to  P{  must  be 
equal,  it  follows  that  the  total  optical  paths  must  in  genera!  be  unequal,  the  path  differ¬ 
ence  being  the  difference  between  the  P\-P3ut  and  the  P,  —F.Jut  paths. 

We  have  considered  two  optical  systems  that  fulfill  the  above  requirements.  One 
is  a  modified  version  of  a  grating  interferometer  setup  described  by  Swanson  and  the 
other  is  a  modified  version  of  the  Mach-Zehnder  interferometer  (Fig  3).  where  th*'  anal 
beam  splitter  is  replaced  with  a  mirror.  Both  systems  have  advantages  and  drawbacks. 

The  required  optical  path  difference  can  be  generated  in  various  ways.  Such  gen¬ 
eration  is  easy  in  the  modified  Mach  Zehnder  interferometer  by  simple  positioning  >f 
the  various  mirrors.  To  generate  a  large  path  difference  requires  a  high  degree  of 
monochromaticity,  so  that  the  beams  can  travel  unequal  path  lengths  and  still  inter¬ 
fere.  This  idea  can  be  taken  to  an  extreme  by  making  the  path  length  dif'rrercc  equal 
to  twice  the  laser  cavity  length  and  compensating  for  Fresnel  d’ffraciion  b}  imaging 
over  the  path  length  difference  with  appropriate  lenses  and  unity  magnification  Tin- 
system  will  produce  high  contrast  fringes  in  broad  source  monochromatic  illumination 

Besides  the  requirement  of  a  high  degree  of  monochrome! icity,  uno'ner  disadvantage 

1 

of  this  system  is  that  the  number  of  fringes  is  limited,  being  given  bv  V  = - 7  "  wv.«  re 

'  2A0" 

A0  is  the  source  subtense  at  the  lens  (not  shown)  that  collimates  the  light  modem  cn 
the  interferometer.  For  a  large  A0  the  number  of  fringes  may  be  inadequate  Then  - 
no  similar  constraint  for  the  grating  interferometer,  which  can  produce  a  compleielv 
unlimited  number  of  fringes  regardless  of  source  subtense 

Actual  physical  pathlength  differences  need  not  be  introduced  to  r  ompens.  to  tor 
differences  in  Fresnel  diffraction.  Inserting  a  cascade  of  appn  j  :  i..U  unit; 
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magnification  telescopic  imaging  systems  into  the  grating  interferometer  will  produce 
the  desired  I'resnel  diffraction  compensation  The  disadvantage  with  1  ini  system  •- 
that  multiple  lenses  introduce  more  noise  and  mo"e  aberrations,  both  of  which  ill 
reduce  fringe  contrast. 

A  completely  general  mathematical  analysis  of  the  systems  is  somewhat  tedious 
and  does  not  easily  yield  a  simple  physical  viewpoint.  There  are  basically  two  via,.''  of 
describing  the  process  physically.  Each  branch  of  the  optical  system  images  the  plane 
!\  (or  I\  )  but  with  a  quadratic  phase  factor.  Alternatively  we  can  say  that  each  op;i- 
cai  system,  in  addition  to  imaging  the  plane  Px  (or  P{)  also  images  the  sourr»  The 
distances  dob .  dim  (Fig.  2)from  the  source  image  to  the  plane  Poul  becomes  the 
designed  conjugate  focal  planes  of  the  resulting  HOE.  This  viewpoint  ran  lead  to  some 
basic  insights  as  to  what  range  of  af^,  dim  is  possible. 

For  example,  if  the  incident  beam  is  collimated,  where  /.iys  and  -if  Fig  5 
become  imaging  lenses  in  each  branch  of  the  interferometer  for  imaging  P,  and  P.'  to 
P3Ut  ,  then  the  source  image  is  found  at  a  distance  of  one  focai  length  downstre  on  from 
the  imaging  lens.  Thus,  by  appropriately  adjusting  the  focal  lengths  F ,  and  P2.  an\  S‘-t 
of  conjugate  focal  planes  are  possible,  subject  to  the  constraint  that  both  sour  e 
images  are  formed  to  the  left  of  Pout  This  constraint  always  leads  to  HOE  designed 
as  a  negative  lens.  This'  is  a  severe  restriction,  as  almost  all  practical  !cn-os  .c  c  posi¬ 
tive  lenses.  Besides,  there  is  no  justification  for  using  an  incoherent  system  for  pro¬ 
ducing  a  negative  I10E,  since  this  can  always  be  accomplished  just  as  w o l !  ant  m  a 
much  simpler  manner  by  conventional  means,  with  light  diverging  from  two  pinholes  a 
distance  and  dim  from  the  recording  plate,  and  with  no  optical  elements  betwee  r, 
either  pinhole  and  plate,  there  will  be  no  coherence  induced  noise 

The  challenge  is  thus  to  cause  one  of  the  beams  to  be  converging  at  r'oul ,  e  .  t.-m- 
either  or  be  a  negative  quantity,  thus  producing  a  positive  HOE.  The  philosophy 
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of  accomplishing  this  is  the  following.  A  lens  can  be  considered  as  always  preset  -  mg 
th-  s  Mist  of  the  image  (Fig.  4).  That  is.  two  points  .a  end  F,  -•'••paralei:  avail;.  afe 
always  imaged  into  points  A'  and  0'  with  no  axial  inversion  (ue.,  B  and  B'  Loth  form  to 
the  rig!  t  of  A  and  A',  respectively).  Suppose  we  consider  a  dynamic  situation,  in  nhich 
A'  and  B  are  imaged  continually  farther  from  the  lens,  which  can  be  accomplished  by 
Lri  lging  .he  object  points  A  and  B  continually  closer  to  the  lens  when  J  renche.i  ine 
front  focal  plane  of  the  lens,  B’  goes  to  infinity  and  further  movement  of  3  towards  the 
lens  results  in  B'  coming  in  from  minus  infinity. 

We  thus  have  achieved  one  of  the  goals,  we  have  effects. ly  inverted  A  and  B, 
though  the  principal  stated  above  has  in  a  sense  not  been  violated,  since  both  \  and  B 
always  moved  in  the  forward  axial  (z)  direction,  without  one  overtaking  the  o!ho~- 
see  that  the  path  is  cyclic  with  the  positive  and  negative  ends  being  connected  at  infin¬ 
ity  Adding  more  focal  power,  either  with  shorter  focal  length  lenses  c-  the  addition  of 
more  lenses,  merely  moves  A  and  B  (here,  the  source  plane  and  the  plane  being 
Imaged)  to  new  positions  along  the  z  track. 

To  apply  this  viewpoint  to  the  HOE  problem,  we  identify  planes  A  and  B  with  the 
source  image  and  Pout.  respectively,  and  we  place  a  second  lens  in  each  branch  of  '.he 
system,  which  reimages  both  the  source  point  and  Pout .  The  viewpoint  given  above 
then  seems  to  suggest  that  the  constraint  on  positive  focal  length  HOES  should  b<  no 
greater  than  that  for  negative  HOES.  For  the  analysis  we  return  lo  Fig.  ?  Px  anc  P{ 
are  both  to  be  imaged  at  Paut  with  equal  magnification  The  sep-iu ations  -  P,ut 
(labeled  d0)  and  P  1  Pout  (labeled  d0')  can  be  anything,  including  negative  values,  since 
it  is  immaterial  what  planes  get  imaged  to  Paut  as  long  as  the  distance  da'-da  remains 
equal  to  the  interferometric  path  difference,  and  indeed  thus  path  differrree  can  b' 
altered  in  any  way  we  cnoose 


Considering  Figs.  2  and  4  one  can  see  that  the  addition  of  one  me;  In  <.  which 
accents  bo»h  beams  :Fig.  5)  will  produce  ai»v  positive  HOF  derbe-i  5  be  -  c-  jo-.  •  :•  ,■ 
planes  are  given  by  dot>  and  d ^  wher  e, 

.  _  j  a 

aQb~  dx-Fz  <lim  ~  dz-F  3 

Simply  by  varying  /3.  d t,  and  dz  one  can  achieve  any  raruje  of  conjugate  feral  p1 
desired  for  a  positive  lens.  The  constraint  for  the  HOE  to  be  a  positive  lens  are  F i>l  z 
and  d2<Fa<dv  The  diffraction  pathlength  difference  for  this  I19E  for: nine  s>sl-n  is 
seen  to  be  fc  =  4  (  Fx-Fz  )  in  Fig.  b  Thus  when  using  the  Mach-Zehnder  interferometer 
we  require  the  coherence  length  tc  be  greater  than  fc ,  the  required  physical  ,.a‘.h- 
length  difference  between  the  two  arms  of  the  interferometer  (Fig.  ;»).  Likewise  ( c  i.s 
the  extra  pathlength  difference  over  which  we  must  image  in  or  der  to  obtain  equal  dif¬ 
fraction  pathlengths  when  using  the  grating  interferometer  of  Fig  1  migrated  "ith 
the  optical  system  of  Fig.  o 

Here  we  have  considered  two  systems;  the  grating  interferometer,  which  is  limited 
in  fringe  contrast  by  the  number  of  lenses  introduced  into  the  system,  and  the  modi¬ 
fied  Mach-Zehnder  interferometer,  which  is  limited  in  the  number  of  fringes  obL.ir.ibl>' 
and  by  the  coherence  length  of  the  laser  being  used.  With  these  two  systems  almost 
any  range  of  positive  HOE's  desired  can  be  obtained  using  broad  source  mono¬ 
chromatic  illumination. 

5.3  Diffraction  Efficiency 

We  desire  that  the  diffraction  efficiency  of  HOES  made  with  light  of  reduced  coher¬ 
ence  be  comparable  to  those  made  with  coherent  light.  Thus,  the  fringe  contrast,  of 
HOES  should  be  high  over  the  entire  recording  area  and  for  even  the  highest  spat. a! 
frequencies.  Theoretically,  such  a  high  contrast  fringe  pattern  will  be  produced,  but 
any  system  defects  will  tend  to  lower  fringe  contrast  as  the  source  u,  broadened 


Various  HOES  were  recorded  with  the  interferometric  arrangement  of  Fig  t  ->U 
for  coherent  iliumination  and  for  i'.iinnnation  of  reduced  coherence  l  i  t'  I  hua 

produced  had  a  mean  spaHal  frequency  of  300  cycles  per  mm.  the  highest  and  ’V 
lowest  south'd  fr«  quencics  being  100  and  400  respectively.  Three  some  s./er  \u . re¬ 
used:  a  point  source  and  sources  of  angular  subtense  010  rad  and  005  rad  meas¬ 
ured  at  the  collimeter. 

A  set  of  HOES  was  made  for  each  of  the  three  source  sizes  and  the  diffrac  tion  .  ff , - 
ciencv  measured  The  results,  shown  as  the  diffraction  efficiency  vs.  exposure  c  ur  <  of 
Fig.  6.  indicate?  that  diffraction  efficiency  has  decreased  somewhat  v. .  1  h  mm-i.-mg 
source  size,  but  not  to  a  significant  degree.  High  diffraction  efficiency  (say.  60  to  9.--T 
could  be  obtained  by  either  bleaching  or  recording  on  dichromated  gelatin  for  the 
optimal  exposures  cf  any  of  the  source  sizes  used 

It  appears  that  the  greatest  loss  of  diffraction  efficiency  arises  from  ;y 
imperfections,  such  as  field  curvature,  which  cause  the  surface  of  fringe  locali/ali  ai  te 
depart  from  the  ir.eal  pianar  shape,  and  the  recor.hng  plate  will  therefore  be  << 
places,  outside  the  surface  of  highest  fringe  contrast.  Assuming  that  such  aberra  ons 
were  absent,  there  remain  two  factors  that  affect  diffraction  efficiency  First,  the 
noise  reduction  is  a  smoothing  process,  wherein  spatial  frequency  energy  represent  ng 
noise  is  converted  to  an  ambient  background.  This  results  in  a  loss  of  fringe  contra*.* 
and  resulting  diffraction  efficiency.  Since  the  noise,  even  in  a  rather  noisy  fringe  pat¬ 
tern,  has  a  power  that  is  only  a  smac  fraction  (a  few  percent)  of  that  in  the  signal,  th 
contrast  loss  for  this  effect  should  be  similarly  small.  On  the  other  hand  the  presence 
of  noise  means  locally  that  the  beam  ratio  may  be  different  from  the  nominal  or  aver¬ 
age  beam  ratio,  and  the  fringe  contrast,  is  thus  lowered  In  addition,  the  resulting  local 
mean  exposure  may  not  be  optimum,  again  providing  lower  diffraction  efficiency 
Thus,  as  we  broaden  the  source,  we  find  factors  that  decrease  the  diffraction  efficiency 


Fig.  5.6 

Diffraction  erficiency  vs.  intensity 
transmittance.  Solid  curve — using  coherent 

source.  Dotted  curve — using  source  of  angular 

extent  .005  radian.  Dashed  line— as  before, 

but  with  angular  extent  .01  radian. 


and  others  that  increase  it,  and  it  appears  that  rigorous  analysis  is  require  J  to  rl.  <  >■>■- 
lain  now  these  opposing  for  tors  balance 

5.4  Noise 

To  investigate  the  noise,  various  types  of  data  were  collected.  First,  HCES  acre 
made  using  the  grating  interferometer  setup  of  Fig.  i,  with  an  extended  source  of  -i/o 
OOn  rad.  Second,  HOES  were  made  the  same  way,  but  with  a  nonbroadciied  source 
The  results  show  the  enormous  noise  reducing  effect  of  the  coherence  redo,  lion.  nut 
the  comparison  is  not  entirely  realist ic,  shice  the  interferometer  coi  •aii.f  "ciso 
sources,  such  as  gralings,  that  would  not  he  present  in  the  normal  M.in, 

tem.  Thus,  to  test  the  efficacy  of  the  method,  the  comparison  s-hould  be  made  with 
coherent  illumination  in  a  conventional  HOC-fornung  system 

We  have  distinguished  two  HOE-forming  systems,  each  rather  simp'c  Ir  one, 
interference  is  obtained  between  two  divergent  beams,  and  in  the  other,  brt a 
diverging  and  a  converging  beam  The  former  produces  a  HOE  designed  for  use  >.  -•  a 
negative  lens,  and  the  latter  a  HOE  designeu  for  use  as  a  positive  lens,  in  tiw  former 
case,  light  emanates  from  two  pinholes,  with  no  optical  elements  between  pinhole  and 
recording  plate.  Thus,  the  entire  pattern  should  be  quite  free  from  setup  ncise  except 
for  back  reflections  from  the  recording  plate,  and  experience  shows  that  with  good  film 
backing,  this  can  be  negligible  In  the  second  case,  a  lens  must  be  rlaced  downstream 
from  the  pinhole  in  one  of  the  beams;  this  lens  is  unavoidably  a  noise  source  '.me*, 
positive  lenses  are  far  more  common  than  negative  lenses,  the  system  with  the  noise- 
producing  lens  will  be  the  usual  case 

In  general,  noise  on  either  of  the  two  interfering  beams  will  be  recorded  and  will 
appear  in  the  be«.m  generated  by  the  hologram.  'However,  this  noise  can  be  ninm  izee 
by  proper  hologram  construction  procedures.  Suppose  ore  of  the  beams  has  a  noise 
n(x,y)  =  in;  exp  (if),  i.e.  Doth  an  amplitude  and  a  ph  *se  ttmfone.il  On  Hie  uu  •  <  of 


conventional  first  order  theory,  both  the  amplitude  and  the  phase  componeet <■!  the 
noise  will  be  modulated  onto  the  fringe  pattern  .<r:d  will  appear  in  t  '  a  .’. s!  utteo 
beams.  However,  it  is  possible  to  considerably  reduce,  sometime:  aim  is,  c  i i n . •  d  , 
'he  amplitude  component,  n,  K  diffraction  efficiency  is  plotted  as  a  function  f  c'pc- 
sure,  the  resulting  curve  typically  shows  a.  broad,  flat  maximum  Thus,  if  cnc  ..uns  to 
record  at  the  center  of  the  maximum  region,  but  misses  the  peeper  exposure  by  a 
small  amount,  the  diffraction  efficiency  is  not  affected. 

Nov.,  suppose  one  of  the  two  beams  to  have  an  amplitude  noise  ]n,  of  sm m  rrsagm- 
lucir,  so  that  the  beam  has  a  spatial  fluctuation  across  it  of  perhaps  'O’.'  »- 

quently,  the  total  exposure  rc  ceived  by  the  recording  plate  will  vary  by  some  similar 
amount,  or  actually  less,. if  the  other  beam  is  uniform  But,  since  the  diffraction  effi¬ 
ciency  is  insensitive  to  these  exposure  variations,  the  noise  amplitude  fluctuations  n 
will  not  appear  in  the  reconstructed  beam,  i.e  ,  amplitude  noise  is  suppressed  This 
suppression  may  be  in  fact  only  partial,  since  the  fluctuations  liter  net  only  the  expo¬ 
sure,  but  also  the  fringe  contrast,  and  the  lowered  contrast  results  generally  in  HOES 
of  lower  diffraction  efficiency. 

However,  the  noise  suppression  that  on  balance  results  can  be  rather  dratr.  xt;c. 
For  example,  we  recorded  a  fringe  pattern  about  1  cm,2  10  separate  times  on  different 
portions  of  a  plate  with  different  exposures.  The  exposed  areas  that  had  the  highest  dif¬ 
fraction  efficiency  were  al«o  found  to  diffract  the  most  uniformly.  Thus,  the  non- 
linearities  of  the  recording  process  indeed  offer  a  significant  mechanism  for  supptes- 
sion  of  amplitude  noise 

In  the  first  noise  experiment,  the  HOES  were  photographed  through  a  microscope 
at  various  magnifications,  results  being  shown  in  Fig.  7.  Figures  7  a  and  d  show  the 
HOI.  made  in  the  grating  interferometer  with  an  extended  source  at  two  different  mag¬ 
nifications,  and  Figs,  7  c  ana  d  show  the  same,  but  with  a  poin*  source  I  hr?  noise  is 
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Fig.  5.7 

Magnified  image  of  HOE  surface,  using  0,  +1  and  -1 
orders,  a.  extended  source,  low  magnification,  b. 
higher  magnification,  c.  as  in  a,  but  using 
extended  source,  d.  as  in  b,  but  with  extended  source 
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setup  noisf-  produced  by  defects  in  the  opti:  al  elements  "he  pictures  sho*  h;  w  efft-c- 
fvt-iy  the  iiighi-r  :p.4.iai  froqui  ru  v  noise  is  eliminated,  wmr..  -  the  very  i  •  4>r.' t  -.!  V<  - 

quertcy  noise  is  only  partly  removed  by  the  reduction  in  spatial  coherence.  Not  show:: 
is  th  •  result  Tor  a  HOE  made  in  the  conventional  setup,  both  for  the  case  o!  nc  ion-  in 
either  beam  beyond  the  pinholes,  in  which  case  the  hologram  is  quite  noise  free,  and 
for  the  case  of  a  lens  in  one  beam,  yielding  a  result  intermediate  b  itween  the  coherent 
and  the  incoherent  cases  of  Pig  7 

Of  greater  significance  is  the  amount  of  noise  tha!  it  to  be  seen  in  the  first  di'- 
fracted  order  Indeed,  it  is  conceivable,  although  unlikely,  that  none  of  !  hr  no-  e  visi¬ 
ble  on  the  photograph  ot  Fig.  4  is  present  in  the  first  diffracted  older  To  examine  the 
first  diffracted  order,  a  white  light  source  of  moderate,  but  not  U  •>.«,  extent  ’a  mu  ro¬ 
se  ope  illumi  nator)  was  used,  thr  HOE  was  reimaged  through  a  unity  magnification 
telescopic  system,  and  a  spatial  filter  removed  all  diffractive  orders  except  fer  arc 
first  order  beam  The  results,  not  shown  here,  are  comparable  to  Fig.  7  It  was  also 
found  that  the  highest  diffraction  efficiency  exposures  gave  the  least  amplitude  noise 
|n|. 

Since  pracl  cal  HOES  are  phase  holograms,  and  since  the  amplitude-!.; -phase 
transformation  amplifies  the  noise,  we  bleached  some  HOES  and  repeated  the  observa¬ 
tion  of  the  first  order.  At  low  magnification,  noise  is  similar  to  that  of  Pig  7  -.vas 
observed. 

Higher  magnification  revealed,  however,  yet  another  noise,  much  finer  and  basi¬ 
cally  different  in  appearance.  This  is  shown  in  Fig.  8.  Figure  8a.  made  with  a  coherent 
beam  containing  no  optical  elements  downstream  from  the  pinhole,  revealed  a  noise- 
free  field,  except  for  a  few  spots  and  some  grain  noise,  both  produced  by  the  film  that 
recorded  the  beam.  Similarly,  Fig  8b  shows  the  result  for  a  grating  interferometer, 
containing  various  lenses  and  gratings,  using  an  extended  source.  There  is  a  small 


trace  of  noise  that  we  attribute  to  the  1 10R  (the  tow  frequency  mottling,  not  the  much 
finer  grain  noise).  P'gure  8  c-e  show  the  result  for  the  <  onven'  !->nm  «.«.■.<«  v.  1 1  h  a  s.u3i> 
lens  in  one  beam.  The  noise  level  is  considerable.  In  Fig  8c,  the  camera  is  focussed  or. 
the  emulsion,  whereas  in  Fig.  8  c-e,  the  focus  is  moved  slightly  to  cue  si.ic  of  the  emul¬ 
sion,  on  the  order  of  .5  mm.  Again  the  small  black  spots  are  not  relevant.  The  nois°  is 
enormously  greater  lor  the  defocussed  position.  The  noise  thus  appears  to  be  predom¬ 
inately  phase  noise.  It  almost  completely  disappears  when  the  emulsion  was  covered 
using  a  cover  glass  with  xylene  between  the  two  glass  surfaces  The  noise  thus  is  found 
to  be  a  surface  relief  and  the  emulsion  surface  thus  exhibits  an  orange  pee!  effect. 
This  seems  somewhat  curious,  since  the  bleaching  process  (RIO  b'each)  produces  a 
phase  image  primarily  of  the  refracted  index  modulation  type,  and  the  brightness  of 
the  first  diffracted  order  was  only  slightly  affected  by  the  liquid  gate 

4  search  for  the  origin  of  the  noise  revealed  that  it  arises  from  two  causes,  fh?t, 
from  diffraction  from  the  aperture  edge  of  the  lens,  and  second,  from  noise  on  the 
lens  The  effect  could  be  duplicated  with  no  lens,  just  a  diffracting  aperture  (tru)  m 
the  beam,  or  by  a  large  diameter  lens,  producing  no  edge  diffraction  but  having  some 
scattering  centers  (dirt,  etc)  on  and  in  the  glass. 

We  also  observed  the  zero  order  and  found  again  the  same  muse,  but  less  intense 
We  looked  for  traces  of  such  noise  on  the  unbleached  HORS  but  failed  to  find  <\n\  Pur 
presumption  is  that  the  noise  is  present  on  the  unbleached  plate,  but  at  a  level  too  low 
for  observation.  The  bleaching  process  amplifies  the  noise,  bringing  it  up  to  a  visible 
level 

These  noise  measurements,  by  no  means  exhaustive,  indicate  that  whenever 
scattering  structures  are  present  in  one  of  the  two  beams  m  a  HOR-mating  system  t be- 
reduced  coherence  method  will  remove  almost  all  the  noise,  except  that  of  very  low 
spatial  frequency  However,  if  there  are  no  scattering  structures,  the  use  of  c  oherent 


d,  but  on  other  side  of  image  plane. 
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light  will  do  quite  well  and  is  preferred  because  of  the  simplicity 

S.f>  Concluding  Comments 

The  results  presented  here,  although  by  no  means  exhaustive,  cleat 'y  indicate  t  vu 
HOEd  made  with  light  of  reduced  coherence  can  have  diffraction  efficiency  comparable 
Lo  Ht'ES  made  by  the  conventional  coherent  methods,  and  may  have-  s igu.fi^art ly 
better  SNK.  Finally,  the  reduced  coherence  methods  are  quite  versatile. 
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8.  New  Discoveries 

The  principal  new  discovery  was  of  a  way  to  make,  by  spatially  incoherent  ligut, 
HOES  of  any  conjugate  focal  planes.  This  is  the  generalization  of  the  rather  spe  nfi  ; 
method  for  incoherent  light  HOE  generation  we  previously  described. 
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